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Expe.imental tests were made on a small reverse-flow

rocket engine utilizing gaseous hydrogen and oxygen as pro-

pellants. Tnc engine was operated at chamber pressures from

50 to 150 psia and developed thrusts from 40 to 150 pounds.

The majority of tests were conducted at chamber pressures of

60 and 100 psia. Results indicated that the same maximum

value of C* (7960 fps) and combustion efficiency (97%) were

obtained for both these chamber pressures. However, with

increasing chamber pressure the optimum mixture ratio in-

creased, In addition, it was found that the best combustion

chamber shape was spherical.
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Preface

This report is one of a series of expe- .al studies

by AFIT students on a reverse-flow rocket engine. The

majority of my tests were made at chamber pressures of 60

and 100 psia where the effects of mixture ratio and engine

size rpon the characteristic exhaust velocity were investi-

gated. The engine operated successfully during all tests

and gave combustion efficiencies up to 97%. I hope that the

results of this study will be of assistance to future in-

vestigators. I feel that many aspects of thus type of engine

arc left to be examined.

I wish to acknowledge my indebtedness to Mr. John Parks

for the many hours he willingly spent to assist me in the

experimental vork; to Lt. Tsongas, my advisor, for his

support and L idance throughout this study; to Mr. Anderson,

for his a3sistance in the digital computer work; and finally,

a special thanks to l, wife Patt for her help in editing and

for her understanding and encouragement during the past

eight months.

John C. Vaughan III
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I. kLst 9L Symbols

A Area, in2

B Venturi diameter ratio (7hroat diameter/Inlet diameter)

C* Characteristic exhaust velocity, ft/sec

Cd  Discharge coefficient

CF Nozzle thrust coefficient

D Diameter, in

E Modulus of elasticity, psi

F Thrust, lb

9 Gravitational conversion factor, 32.2 Ibm ft/lbf sec 2

IS Specific Ampulse, lbf sec/lbm

K Thermal conductivity, BTU in/hr ft2 F

k Specific heat ratio (Cp/C v )

L* Characteristic length (Vc/At), in

L Wall thickness, in

m Mass flow rate, lbm/sec

P Static p:essure, psia

q Specific rate of heat flow, BTU/sec in2

r Mixture ratio, ;O/ ;H

Ri Specific gas constant (Universal gas constant/ Io.ecular
weight), ft tbf/llm R

S Tensile strength, psi

T Temperature, F or R

V Volume, in3

Ya Compressibility correction factor

( Coefficient of thermal expansion, in/in F

A Uifferential
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E Nozzle expansion area ratio, Ae/At

Characteristc velocity quality fa'tor, c /c1,
(Combustion efficiency/lO0)

Thrust coefficient quality factor, CFx/CFT

P Gas law deviation factor

Y Poisson's ratio

Specific impulse quality factor, ISr/IST

Density, Ibm/in
3

Thermal stress, psi

Subscripts:

c Combustion chamber

e Nozzle exit

H Hydrogen
0 Oxygen

p Total propellants
s Stagnation

T Theoretical

t Thrat

x Experimental

vii



II. Introduction

Reerse-Flow Film Cooling

This study will consider the effect of cha.ber pressure

on the performance of a small gaseous propellant rocket engine

using reverse-flow film cooling. In this unique cooling

system, a gaseous film of propellant travels at a relatively

high speed alonu the cumbustion chamber inner wall toward the

front of the chamber. It could be considered similar to re-

generative cooling except that the propellant is in gaseous

fo.m and travels on the inside of the combustion chamber as

it picks up heat.

The only known experimental work done with this type of

cooling has been at the Air Force Institute of Technology.

In the usual configuration, hydrogen gas is injected toward

the front of the chamber from just upstream of the converging

nozzle section. The coolant gas picks up heat from the com-

bustion process as it proceeds to the front of the chamber.

The relatively cool hydrogen gas film reduces the boundary-

layer tenmierature, the heat transfer to the walls, and thus

decreases the wall temperatures. At the chamber front the

hydro-en converges on the gaseous oxygen injector where it

mixes with the oxygen, and the combustion process begins. A

cross section of the assembled engine is shown in Figure 1.

Applications

Probably the main disadvantage of such a cooling system

is that one of the propellants must be injected in a gaseous

1
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state and, therefore, requires large and heavy tankage for its

storage (flef 1:11). If the propellant were not sto:ed in the

gaseous state, but had to be vaporized just prior to injection,

control problems would arise. Nonetheless, combustion of the

propellant combination of gaseous oxygen/gaseous hydrogen can

result in slightly higher specific impulse than the same liquid

combination; thus, its high performance might offset the dis-

advantages associated with its use. Of course, only the pro-

pellant used for the reverse-flow film need be injected in a

gaseous state; and, in fact, performance approaching that of

theoretical has been achieved in a small uncooled engine

using gaseous hydrogen and liquid oxygen (Ref 2).

Even though it is not the purpose of this study to pro-

pose applications for a small thrust engine utilizing reverse-

flow film cooling, it is useful to briefly consider one such

example. A report titled "Closed Ecology" (Ref 3:4) shows

that a completely closed respiratory system as might be used

in extened, manned, space flights develops an excess of 0.2

lb/day of oxygen and 0.1 lb/day of hydrogen per man. These

excesses could be used as the propellants for occasional veloc-

ity corrections. It is possible that the duration of firing

might be long enough to make an uncooled engine inapplicable.

In addition, the required propellant flow might be too low for

application of liquid regenerative cooling. Further, trans-

piration and normal film cooling usually result in a loss of

specific impulse--the amount of loss depending on the cooling

requirements. Therefore, in such a situation, reverse-flow

film cooling could have application.

2
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Back.ground Information

A complete survey was made of all work previously done

with reverse-flow film cooled engines. The conclusions drawn

from this survey, and presented below, were used in determin-

ing what ranges of cha~mber pressure, mixture ratio, character-

istic length, and rim time should be used in this study.

Further, an attempt was made to take advantage of these pre-

vious results when considering what engine modifications would

be necessary to prevent engine danage or would be helpful in

increasing engine performance.

The original idea of utilizing a reverse-flow film to

cool, a small rocket engine was conceived by the personnel of

the Fluid Dynamics Branch, Aeronautical Research Laboratory,

Wright-Patterson A.F.B. A preliminary investigation as to

the.feasability of this idea was conducted by Guarino in 195S

(Ref 4). This was the first of twelve theses on topics deal-

ing with reverse-flow film cooled engines. Guarino made test

runs on a two dimensional, nine inch diameter circular chamber.

Air was injected along the inside of the walls toward the

front of the chamber at velocities up to 430 fps and at a flow

rate of 0,5 lb/sec. A flow deflector was placed at the front

of the chamber to turn the two air streams together and towards

the exit. Results showed that the flow remained strongly

attached to the wall until meeting the flow deflector. In

addition, some of the flow appeared to recirculate in two

vortices before leaving the chamber.

The following year, 'Jorton (Ref 5) designed and operated

3



the initial reverse-flow engine. His basic design of a four

inch diameter spherical combustion chamber of inch stainless

steel walls has not been changed in subsequent studies. Gase-

ous hydrogen fuel was used for the film cooling and oxygen gas

was the oxidizer. Both propellants were injected at sonic

velocity .o prevent possible chugging. The hydrogen was in-

jected in a reverse-flow continuous annular stream and the

oxygen injected in impinging streams that flowed directly

rearward from a front injector. Six test runs were made at a

chamber pressure of approximately 30 psia; the results showed

that a reverse-flow film cooled small rocket engine could be

successfully operated.

In 1960, Noland (Ref 6) verified Guarino's two-

dimensicnal cold air flow results with the use of an inter-

ferometer. Injection velocities up to sonic were used.

Chamber length was varied, and results showed that a circular

configuration produced the strongest vortices, while a longer

configuration produced the most stable flow pattern.

Additionally in 1960, a duplicate of 'Morton's engine was

made so that experimental study could progress more rapidly.

As of 1963, four studies were completed with the original

engine and three with the other. All of these studies used

hydrogen gas for the reverse-flow film (fuel) and oxygen gas

for the oxidize-. Although the studies completed on the two

engines were not independent of one another, they can be sTu-

marized as such.

With one of the engines, James (Ref 7) conducted a com-

prehensive performance study including maaiy temper~t~re

4
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mer.surements. Sixty-nine test runs were made at chamber

pressures from 40 to 70 psia and mixture ratios fxom one to

eight. Temperature results indicated the reverse-flow film

to be an effective cooling scheme for runs of 35 seconds in

which both inside and outside wall temperatures reached

stable values. It was also shown that C* varied slightly

with chamber pressure for the one engine configuration tested.

In 1961 the construction and instrumentation of the AFIT

Rocket Engine Test Facility was completed by Macko, Keller,

and Pickitt. The facility was ujed for all subsequent rocket

engine tests. A complete description of the facilitv and its

instrumentation is given in an operation manual (Ref S).

Macko (Ref 9) then continued the work of James in the

newly completed test facility. Engine sealing methods were

imuroved, several components were redesigned, and water cool-

ing was added to the nozzle divergent section. Two chamber

extensions were made to give four different L* configurations.

However, only ten test runs were made by AMacko due to time

1 imitat ions.

In 1963 Johnston (Ref 10) extended the wor!, of Macko and

James tc investigate the effect of chamber length and oxygen

injector type on engine performance. One hundred and seventy-

five test runs were made at a noruinal chamber pressure of 60

psia and mixture ratios of 1.3 to 4.4. Three different oxygen

injectors were tested, and L* was varied in configurations of

41.6, 56.7, 71.8, and 86.9 inches. Test results indicated

experimental values of C* well below theoretical C*. The engine

5



."ith an L* of :6.7 inches gave the best performance for all

injectors and was the only configuration in which maximum W*

did not occur at the lowest mixture ratio tested. The reason

postulated for the low values of C* was that the hydrogen was

incorrectly injected.

The series of stur~ies using the duplicate engine was

started in I60 by Krumpe (Ref 11). He used an impingina

stream oxygen injector and investigated the effect of inject-

iie the hydroaen with a component of swirl. The hydrogen in-

jectors used gave 0, 15, and 30 degrees of swirl. Fifty-one

test runs were made at a chamber pressure of 65 psia and

mixture ratios of one to three. Tbh results showed that the

swirl injection gave higher C* but lower Is values. For all

runs it iwas found that C* and Is increased as the mixture

ratio decreased. It was believed that the exhaust gases still

had a component of swirl which decreased the axial component

of exhaust velocity, thus lowering the specific impulse.

The following year Keller (Ref 12) continued Krumpe's

work on swirl injection. Several important design changes

were incorporated; these included an improved hydrogen mani-

fold, a swirl oxygen injector, new swirl hydrogen injectors,

and a new exhaust nozzle. To aid in cooling the exhaust

nozzle, a hydrogen baffle was made to channel the incoming

hydrogen gas along the exterior of the nozzle. Kller only

made two test runs with the engine due to time limitations.

In 1962 Kineer (Ref 13) continued the study of swirl in-

jection; one hundred test runs wore made at a chamber pressure

6



of 65 psia and mixture ratios ranging from 1.2 to 2.5. He

used the swirl oxygen injector designed by Keller and a modi-

fication of Keller's hydrogen injectors with 0, 17, and 35

degrees of swirl. Characteristic lengths of 40 inches

(spherical) and 55 inches (I inch chamber extension) were

used during his tests; run results for both engines showed

that C* increased slightly as the hydrogen swirl angle in-

creased, but that Is decreased with the increased swirl.

Values of nozzle thrust coefficient unexplainably decreased

for each injection angle when L* was increased from 40 to 55

inches. It %as found that for mixture ratios less than 1.2

the oxygen injcctor face burned, and for mixture ratios

higher than 2.5 the nozzle burned.

One year later Cunninghamx (Ref 14) extended the swirl

injection studies to a comparison between swirl and shower-

head oxygen injection. Characteristic length configurations

of 44., 59, 74, and 90 inches were used. Sixty-six teo rms

were made at a chamber .ressure of 60 psia and mixture ratios

from one to three. The results showed that use of the shower-

head injector gave higher values of C* and I s and lower wall

temperatures than use of swirl injection. The best perform-

ance occurred with L* of 59 and 74 inches. For all L* con-

fi,r-urations, C* and I s varied inversely with mixture ratio.

The reverse-flow filii cooled the chamber walls effectively,

but the convergent portion of the nozzle was erosively burned

at a mixture of .3.

In addition to the hydro-en-oxygen reverse-flow studies

7
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just digcussed, two reverse-flow studies were made using JP-4

and air as propellants. In 1960 Heye (Ref 15) conducted hot

runs with a two-dimensional engine. Results showed that the

reverse-flow film of air was effective in cooling the walls.

In 1961 Agosta (Ref 16) tested a cylindrical engine. Chamber

wall burning occurred, however, due to the fact that th- in-

jected fuel disrupted the reverse-flow air film and thus

eliminated the local cooling effect.

One last grcup of studies by AFIT students is worth

mentioning here. In 1960 Ow (Ref 17) designed and tested a

gaseous oxygen-gaseous hydrogen, film cooled, rocket engine

developing 100 pounds thrust at a nominal chamber pressure of

300 psia. The hydrogen was injected perpendicular to the

chamber axis and hence reverse-flow film cooling was never

utilized. This work was continued in 1961 by Pickitt (Ref 18)

and in 1963 by Alser (Ref 19). The results of these studies

showed that performance close to theorectical C* could be

achieved in a small gaseous oxygen-hydrogen rocket engine and

that the experimental C* varied with mixture ratio in a manner

similar to the theoretical C* variation. Alser's study showed

that adequate nozzle cooling could also be achieved by using

normal film cooling, but with a resultant drop in C*.

In sunnmary, it can be seen that a considerable amount of

work has been done on a hydrogen-oxygen reverse-flow engine.

The following results were compiled frown these 3tudies and

were used in the planning and component designfor this investi-

Jation:

8
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1. Noticeably different flow patterns resulted when a

spherical chamber was extended into a more cylindrical one.

2. The showerhead oxygen injector gave better perform-

ance and its use resulted in better chamber cooling than that

obtained by swirl injection.

3. Except for James' study in which the effects of

varying the chamber pressure between 40 and 70 psia were ex-

amined, all previous studies were conducted with a nominal

chamber pressure of 60 psia.

4. With one exception, in all studies the mixture ratio

was varied from one to three. At higher mixture ratios the

convergent section of the noxzle suffered damage. James

varied mixture ratio up to eight without burning, but at those

mixture ratios above three his C* was less than 5000 fps.

Previous studies had indicated that C* was approximately 6200

fps at mixture ratios of three, and therefore involved greater

heat release.

5. All studies except Johnston's showed that C* de-

creased as mixture ratio increased. His study indicated that

the configuration that gave the best performance had a C*

versus mixture ratio curve which was similar in form to that

found theoretically.

6. Although previous performance was low in comparison

to theoretical C*, several studies showed that the performance

ras greatly affected by the type of oxygen injeclor. It was

also shorim that chmber ]lcnth affected performance.

9
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kroblem, Statement

The primary purpose of this thesis was to investigate

the effect of chamber pressure on the performance of a small

reverse-flow rocket engine. In order to limit the investiga-

tion, it was necessary to hold some factors constant. The

first decision was to use the same hydrogen Injectcr, oxygen

injector, and exhaust nozzle throughout all performance tests.

The second factor to consider was injection velocity of the

propellants. Sonic injection was decided upon for two reasons.

First, with one exception, a.l previous work had used this

velocity and comparison could be Lade. Secondly, by using

sonic injection, mass flow rates were independent of chamber

pressure, thus allowing for easier control of mixture xatio

and chamber pressure.

By fixing the injectors, nozzle, and injection velocities,

the problem was reduced to three basic variables: chamber

pressure, mixture ratio, and characteristic length. By hold-

ing any two of these constant, a relationship exists between

the third variable and C*, Changing either of the first two

variables would affect the relationship of the third to C*.

The variable of primary importaticf was PC. It seemed

that its range would be limited by the effectiveness of the

cooling scheme, Although previously the engine had been

tested at uvessures up to 70 psia, for tiis study it was

decided to investigate chanber pressure effects up to 300 psia.

The second variable was mixture ratio, which, it was felt,

should be kept between one and three to urevent possible engine

10



daiarc, A possible exception would be to locate the peak of

a C* versus r curve should it lie outside of this range.

The third variable to be considered was L*. Two c hamber

extensions were available. They, combined with the basic

engine, allowed characteristic chaiiber lengths of 44, 60, 76,

aud 52 inches, providing the same At was used as in previous

studies. Since Cunningham's results showed she optiimnni L* to

be in the raiddlc of this range, it was decided to use the

srane At aid all the L* configurations available.

The final consideration in liaiiting the scope of investi-

-atio- was the len-th of each run. It was found in previous

studies that the cha:iber )ressure, flow rates, and thrust

would stabilize within two to three seconds. The only data

which could not be deter4iined rith a run of three seconds

duration w..,ere the steady state temperatures. Therefore, to

conserve propellant, test runs would be limited to three or

foiUr seconds, except for a few long duration runs to determine

heat flux and steady state wall temperatures.

11



IiI. Apparatus

The Rocket Engine Test Facility of the '.echanical En-

gineering Denartment was used for this study. Briefly, the

main sections of the facility were the gas supply, the test

cell, and the control room. The gas supply consisted of

eight nitroten, ten oxygen, and twenty hydrogen bottles. The

test cell contained the engine and its test stand (Fig S),

propellant feedlines, flow control valves, and data pickups.

The control room itself contained the data recorder and the

control console (Fig 9). A complete description of the test

fFcility is given in the Operations Manual (Ref 8).

Rocket Enine

Basic Enine Features. The basic combustion chamber con-

sisted of two 4-inch diari tez hemispheres with 1 inch walls.

The chamber shape an volume could be varied by inserting a

one- and/or two-inch cylindrical extension between the hemi-

spheres. .A sim-plified stress analysis of this combustion

chamber is given in Appendix A.

The other main engine parts were the nozzle, baffle, and

injectors (Fig 1, 2), The exhaust nozzle had a throat dia-

meter of l.u07 inches and an exit diauiieter of 1.179 inches.

The resulting area ratio gave optimm expansion at a chamber

pressure of approximately (O0 p1ia. The brass baffle was the

only main engine component which was not made of stainless

steel. The baffle fit around the exjiaust nozzle and allowed

12
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a narrow channel between the baffle and nozzle for the in-

comning hydrogen flow; this provided regenerative cooling for

the nozzle. The engine was bolted together in such a way as

to allow removal of the injectors, nozzle, and baffle without

requiring disassembly of the combustion chamber. Modifica-

tions of the combustion chamber seals (Fig 3) and bolts are

discussed in Appendix B.

Exhaust Nozzie. Past studies showed that the nozzle was

the most critical component with regard to cooling. It be-

came obvious that measures had to be taken to prevent nozzle

damage durin, the proposed high pressure runs, as the heat

flux is almost proportional to the chamber pressure (Ref 20:

93).

A frequently successful method to protect parts in con-

tact with combustion gases is to coat the exposed areas with

a refractory liner (lef 21:444). Such a coating was provided

and applied by the University of Dayton Research Institxte

(Fig 4). The lining consisted of a flashing of nichrome and

then a 5 to 10 mil overcoat of ,Mullite. Mullite consists of

70% A12 0- and 30% Si02 and has an orthorhombic crystal structure.

It has a density of 3.2 grams/cm3 and a melting temperature of

3310 F. The thermal conductivity is very low--approximately

2 ITU/hr ft F. The coating was tested by subjecting it to a

2600 F plasma arc for five seconds; no cracks had occurred

after six such tests.

The thickest portion of the coating was applied to the

lip of the converging nozzle section where previous damage had

13
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occurred and the thinest was applied at the throat section.

This was clone for two reasons: first, the throat section is

cooled by the incoming hydrogen gas which is at its lowest

temperature; and second, as testing progressed, any flaking

of a thick coating at the throat would appreciably change the

throat area, which would complicate C* calculations.

OXy~en Injector. On the basis of Cunningham's compara-

tive study of swirl and showerhead injectors (Ref 14:50), it

was decided to use a modification of the latter. Previously

it had been found that C* increased as the mixture ratio was

reduced to one, whereas theoretical C* decreases. Such a

significant variation from theoretical C* was possibly due to

the center portion of the injected oxygen stream leaving the

combustion chamber without mixing and taking part in the com-

bustion. To correct this phenomenon, the center injection

holes were eliminated (the new injector is shown in Figures 5

and 6). The calculations used to determine the number and

size of injector holes which would keep the injection sonic

are contained in Appendix C.

Hydrogen Injector. Good results were achieved in the

past by injecting the hydrogen gas at Mach one and in a direc-

tion tangential to the chamber walls. Therefore, only two

modifications were madle. First, it was decided to increase

the injection area because the previously used injector would

have required excessive line pressures to achieve higher flow

rates (Ref 14:31). It was found that the injection area

could be increased and still maintain sonic injection for all

14
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the flow rates to be used. The calculations to determine the

new injection hole size are included in Appendix C.

Secondly, it was decided to use a stainless steel in-

jector so that it would have the same coefficient of thermal

expansion as the nozzle. Having the same coefficient might

eliminate the "necking down" of the exhaust nozzle (Ref 13:14),

which was believed due to the expansion of' the brass hydrogen

injector. It should be noted that the final injector was a

modification of that used by Krumpe in that the hydrogen

flowed only through the new injector's outer ring of holes

(Fig 7). The old inner ring of holes was purposely blocked

by the baffle.

EMine Thermocouples. Each chamber extension and hemi-

sphere had three iron-constantan thermocouples already in-

stalled. The thermocouples were circumferentially spaced at

120 degree intervals and measured the inside wall temperature.

Additional iren-constantan thermocouples were installed to

measure the corresponding outside wall temperature for use in

temperature stabilization runs.

In addition, an unsuccessful attempt was made to measure

the nozzle throat temperature with an alumel-chromel thermo-

couple. After a few test runs, the thermocouple was removed

due to excessive hydrogen leakage from around it. No satis-

factory sealing method could be achieved that would allow for

the frequent rer.ovals necessary for engine inspection. There-

forc, only chamber wall temperatures were recorded.
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Propellan.t 'ee System

Gaseous hydrogen and oxygen were used as propellants,

while nitrogen gas was used for purge and for control pressure

to tbethree flow regulating dome valves. These dome valves

were designed to produce an engine 'eedline pressure equal to

their resnective control pressures. Loader valves on the

control console regulated these control pressures and reduced

the nitrogen supply pressure to the value desired at the re-

spective dome valves. Thus, the hydrogen and oxygen propell-

ant flows and the nitrogen purge flow could be regulated from

the control console with only nitrogen lines being brought

into the control room. The flow control system schematic is

showm ii Figure 10.

Inst rumentat ion

All experimental run data was obtained from the output

(Fig 11) of an eighteen channel Consolidated Electronics Cor-

poration recorder. Thermocouples provided the electrical

signal representing temperature changes, while bridge circuits

were used to produce the thrust and pressure signals. Three

types of' galvonometers were used. Each type had a different

sensitivity and required damping resistance. The sensitivities

were high enough as not to require ar.plification of the input

data signals.

The thrust signal input to the recorder came from a

bridge of four active strain gauges mounted on a constant

stress cantilever beam. Calibration was performed by hanging

a known weight to the thrust beam and noting the trace

16
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deflection at the recorder. Even though the calibration

factor for any engine configuration was a constant for the

ranges of thrust used, it was found that for any change of

engine configuration the thrust beam hcd to be recalibrated.

Further, for chamber pressures above 120 psia (high thrust),

a less sensitivre zalvonometer had to be used to keep the de-

flection on the recorder paper. This method proved to consume

less time than changing the fixed damnping resistors.

The chamber pressure was measured with a transducer

which was calibrated several ti,.ies by applying a Imoim pres-

sure. The calibration factor was found to be a constant fcr

the range of cha'iber pressures investigated and remained con-

stant for the duration of the study.

Two Herschel tube venturi meters were used in obtaining

the hydrogen and oiygen mass flows. The necessary pressures

were obtained using static and differential pressure trans-

ducers. These transducers were calibrated in the samie manner

as the chamber pressure transducer.

The instruwentation systeii just described cortained two

improvements over the one used previously. First, in order

to eliminate variation of supply voltage to the pressure trans-

ducer and thrust bem bridge circuits, a large aircraft battery

was used for the power source. The battery voltage, 12 volts,

,as reduced to 10 volts with a variable resistor. This volt-

age %as continually measured by a voltmeter located near the

recorder. s'econd, the fixed damping resistors used in the

thrust and pressure channels gave improved system reliability

over the axplifiers used before.

17



All the engine wall temperatures and the two propellant

venturi temperatures were measured with iron-constointan thermo-

couples. Each electrical circuit to the recorder consisted of

a data junction, a cold junction ice water bath, and a series

variable resistor. The variable resistor was used to adjust

the calibration factor for the circuit while approy'mately

giving the external damping resistance required by the galvono-

meter of that channel.

18
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IV. Test Proaram

Test schedule

Phase I. The first of two phases of testing, consisting

of 43 runs, was mainly conducted to compare the new oxygen

and hydrogen injectors to the ones used previously. All

possible engine-injector combinations were ested. M'ixtur3

ratios were varled froii one to two and chamber pressures from

54 to 132 psia. These first tests were also used to check

the fuzctioning of the instrumentation and the propellant feed

system and the sotcldness of other engine modifications.

Phase II. The last phase of testing consisted of runs

44 to 119. The sanme oxygen injector, hydrogen injector, ard

exhaust nozzle were used for all of these tests (see Fig 5, 7,

and 4 respectively). The four engine configurations were

tested with ixture ratios from 0.94 to 3.5 and chamber pres-

sures from 55 to 150 psia. However, the majority of tests

were conducted at nominal chazmiber pressures of 60 and 100 psia.

Due to insufficient supply pressure, stable hydrogen flows

above 0.2 Ibm/sec were hard to achieve; therefore, only a

limited number of runs were made at chamber pressures above

120 psia.

Run i'rocedure

The sanie procedure Avas used in conducting all test rms.

A swall hydro-en flow was started and then electrically

ignited outside the combustion chamber. Oxygen flow was then

started and increased until the flame would progress into the

1')



chamber and givc a distinctive "pop". At this time the preset

run control pressures were applied to the hydrogen and oxygen

dome valves. The propellant flow would reach a steady value

in approximately two seconds. Unless a temperature stabiliza-

tion run were being made, engine purge and shut down would be

initiated after three seconds of run time. The run checklist

used for all runs is included in Appendix D.
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V. Data Reduction

Engine Performance Paraete

The main parameter used to evaluate the performance of

the rocket engine was the characteristic exhaust velocity, C*.

The expezimenvly determined value, C, was calculated for

each run from the equation

C1= P0Atg/i 1CA

In addition to C*, the other performance parameters were

computed by use of the following equations:

CFx F/PcAt (2)

Isx= C *xC/g (3)

= (4)

CF /Cn (5)

= r 'Sx/IST (6)

omnPuter PrOgr

A digLtal computer was used to calculate the performance

parameters for all test runs. The complete details of the

computer program are given in Reference 22.

For each test run the computer used three sets of infor-

mation. The first set consisted of eight calibration factors

and the exhaust nozzle throat diameter. The calibration

factors were given in lbf, psi, or F per inch of deflection.

The second set of information consisted of the run nunber,
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eight measured deflections, the mercury barometer reading, and

the mercury temperature reading. The eight measured deflec-

tions were taken from the following recorder channels: thrust,

chamber pressure, hydrogen feedlira. pressure, hydrogen venturi

differential pressure, oxygen feedline pressure, oxygen ven-

turi differential pressure, hydrogen feedline temperature, and

oxygen feedline temperatuie.

The machine then computed and typed out the following

data results: run number, F, Pc, r, C*, CFx, Is-, Ph, A P11,

P0' AP 0 ' TH, Top &H p and in. At this time the computer was

given the third set of information which consisted of C* and
T

CFT values obtained from Figures 12 and 19. These curves of

theoretical performance were plotted from the results of a

digital computer program (Ref 22) using tVe following assump-

tions; frozen equilibrium, ambient pressure of 14.7 psia,

expansion area ratio of 1.3707, and a conical nozzle with a

15 degree divergence half angle. The machine then calculated

,1 , ;k, and and punched a summary card. The listings of all

the Phase I test run performance summaries are given in

Tables I to IV.

The mass flow rates were computed by using the standard

equation

= 0.525YaCdDt(P hP) i/(I-B4 (7)
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where:

B = 0.575

Dt = 0.376

cd = 0.984

t a = (1-o.644.P/P)

The discharge coefficient was obtained by calibrating

the venturi meters against three standard square-edged orifices,

using standard A.S.M.E. procedures (Ref 8:38). The accuracy

of the calibration data Is within *% for Reynolds numbers

above 80,000. Since this Reynolds number corresponds to a

ih of 0.021 lbm/sec and a m0 of 0.046 Ibm/sec, all test runs

were above an 80,000 Reynolds number, and the constant Cd

value ras valid.

The curve of Y. versus the throat to upstream static

pressure ratio is almost a straight line for the meters5 used

and can be approximated as shown above. This approximittion

introduces less than 0.2% error for throat to upstream static

pressure ratios greater than 0.85. This pressure ratio was

higher than 0.90 for all runs of this study.

By using a ruference temperature of lOOF, the flow equa-

tion can be reduced to the final form:

A pk l ApH/ 560o/ t
H= 0.001419(1-0.644 P APH 5S)~T11

and 0 0 = 0.o565 1-o.644A OA) Ar6 (9)
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Temeratures

In order to achieve a fairly common basis for comparison,

the temperatures for all short runs were measured after 3.0

seconds of run time. Since these temperatures were usually

not steady state values, only very general conclusions could

be drawn from them. Any possible trends were further dis-

guised since the engine temperatures at run start varied from

ambient temperature for the first run of the day to almost

steady state temperature for a normal run immediately follow-

ing an extremely hot rmi. For vhese reasons the most conclu-

sive temperature data was obtained from temperature stabiliza-

tion runs of fifteen or more seconds; by this time all inside

wall temperatures and most outside temperatures had achieved

a steady value.

By knowing tne steady state inside and outside wall tem-

peratures at some location, the heat flux was determined from

the equation

q = -K AT/L (10)

where K is the conductivity of the stainless steel wall at

the mean wall temperatux'e.
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VI. Results and Discussion

General

A total of one hundred nineteen test runs were made with

mixture ratios varying from 0.91 to 3.57, and chamber pressures

ranging from 55.2 to 150.8 psia. Ten runs (14, 20, 36, 44, 54,

55, 58, 60, 70, and 85) were not useful because the flame was

blown out of the chamber when the full run pressures were

started. Ten other runs (18, 51, 59, 81, and 114 to 119) were

inconclusive because the hydrogen flow did not attain a steady

value. This was due either to insufficient supply pressure or

to leakage around a loose hydrogen injector. Further, in-

accurate Po results were obtained for runs 1 through 43 and,

therefore, the data from these runs were not used. Thus, a

total of sixty valid runs were made for which complete test

results could be obtained (Tables I, II, III, and IV).

Characteristic Exhaust Velocity

Iheory. A digital ccmputer was used to calculate the

theoretical C* and CF. The complete details of the computer

program are given in Reference 22. The results of the calcu-

lations for theoretical C* as a function of mixture ratio

and chamber pressure (Fig 12) showed C* to be relatively in-

dependent of PCs This was the case for mixture ratios from

one to three and chamber pressures from 60 to 120 psia. In

fact, for mixture ratios from one to two and when the chamber

pressure was increased from bO to 120 psia, C* increased less

than 0.02%, and at a mixture ratio of three it increased only
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0.4"/. The maximum C* was found to be at a mixture ratio of

approximately 2.3 for both 60 and 120 psia.

Experimental results. The experimental, results of C* vs

mixture ratio, r, for the spherical combustion chamber (L*44)

were plotted as two curves--one for P. of 60 psia and one for

PC of 100 psia (Fig 13). In addition, the theoretical C*

curve and the results ootained by Cunningham (Ref 14) with a

"full" showerhead oxygen injector are shown.

It was found that for this spherical engine the maximum

C* at '0 psia was slightly higher than that at 100 psia. The

mixture ratio at which maximum C* occurred for these two

chamber oressures, however, was noticeably different. Maximum

C* for 60 psia occurred at a mixture ratio of approximately

1.6, while for 100 psia the highest 0* was obtained at a mix-

ture ratio of approximately 2.0. A similar difference also

existed in the other three engine configurations tested (Fig

14, 15, and 16).

Although the performance of the spherical chamber was

quite ,ood, the engine still exhibited, to a slight degree, a

decreasing combustion efficiency with increasing mixture ratio.

Values of combustion efficiency for both 60 and 100 psia varied

from arproximately 97% at a mixture ratio of oue to 94% at a

mixture ratio of about 2.2 (Table I).

The results of tests (Fig 14) on the engine with a one

inch chamber extension (L* 60) showed essentially the same

maximum C* at both 60 and 100 psia, with optimum performance

for 100 psia again occurring at a higher mixture ratio.

26



GA/E/64-S

Combustion efficiency was approximately 95' and decreased

only slightly when the mixture ra-io was increased from 1.1

to 1.9 (Table II).

!,,.hen the two inch chamber extension (L*76) was used for

c of 60 and 100 psia (Fig 15), the C* versus r curves were

noticeably flatter than those of the other engine configura-

tions tested. Runs at a PC of 100 psia gave an optimum C*

approximately 1.2% higher than at 60 psia. In addition, com-

bustion efficiency at 100 psia decreased from 961 at a mixture

ratio of one to 93% at a mixture ratio of 2.6 (Table III).

Combustion efficiency at 60 psia dropped off even more rapidly

at the higher mixture ratios.

The C* versus r curves for the most cylindrical combus-

tion chamber (L*92) showed that the performance at 100 psia

was noticeably higher than at 6o psia (Fig 16). Combustion

efficiency at 100 psia varied from 970! at a mixture ratio of

1.2 to 95% at a mixture ratio of about 2.2 (Table IV). Further,

performance for all runs was considerably higher (about 14%)

than Cunningham's test results.

49 of Enine Configuration. The curves for maximxum

C* at 60 and 100 psia for each engine confi.uration (Fig 17)

wore found to differ significantly from those usually obtained

for cylindrical combustion chambers using liquid propellants

(1lef 21:401). For liquid engines, as chamber length is re-

duced from optimum toward zero, cylindrical combustion chambers

do not exhibit any regions of increase in performance. It must

be noted, however, that L* is a somewhat abstract concept and
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cannot be as freely used in this situation as it might be

with strictly cylindrical combustion chambers. Characteristic

length, L*, represents the "length" of time that injected and

burning propellants are inside the combustion chamber, pro-

vided several factors are the same (Ref 1:79). Two of these

factors are: the entire volume of the combustion chamber be

used for the complete combustion of all oxidizer and fuel,

and that there be a close similarity in all design features

of the assemblies being compared. These factors were not the

same in this case. The shapes varied from spherical (L*44)

to practically cylindrical (L*92). Further, Nolan (Ref 6)

showed that the basic flow patterns changed when the chamber

was extended from the basic spherical shape. Therefore,

Figure 17 is not so much a comparison of different character-

istic chamber lengths as it is a comparison of different flow

patterns.

In light of this, it could be concluded that with the

reverse-flow engine the spherical combustion chamber offers a

considerable weight advantage over the cylindrical chamber.

That is, the same high level of performance was achieved in

the spherical engine as in the cylindrical ergine of more than

twice the chamber volume. This good performance with the

small chamber was probably due to the nature of the flow pat-

tern, since the spherical shape produces the strongest vortex

and also keeps the hydrogen film more intact until it reaches

the front of the chamber--thus producing good mixing.

of ChambeL Pressule. The majority of tests were
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condu-ted at the nominal chamber pressures of 60 and 100 psia.

Three conclusions can be drawn from a comparison of the C*

results of these runs.

First, the same maximum value of C* (7960 fps) and com-

bustion efficiency (97%) were obtained for both 60 and 100

psia chamber pressures. Therefore, although these maximums

occurred at different values of mixture ratio and engine con-

figuration, it appears that maximum C* is essentially inde-

pendent of chamber pressure--as predicted by theory (Fig 12).

Secondly, for the larger more cylindrical chamber config-

urations, the same C* performance required less volume at

higher pressures (Fig 17). This effect can be explained by

the results obtained from measurements of the burning veloci-

ties of gaseous hydrogen-oxygen mixtures (Ref 23:6). The

burning velocity was determined for various combinations of

chamber pressure and mixture ratio (see Figure 18 for these

results). One of the most significant relationships apparent

fromi these results was that the burning velocity increased as

the pressure increased. Therefore, due to the fact that the

burning velocity should be higher at 100 psia, less stay time

(characteristic length) would be required to achieve the same

C* at 100 psia as at 60 psia. Since the slightly higher per-

formance at 60 psia over that at 100 psia for the spherical

engine cannot be explained by the burniug velocity effect, it

can be possibly concluded that the strong vortex believed to

exist with the spherical engine results in better mixing at

the lower chamber pressures.
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The run results (see Fig 17) further indicated that the

spherical engine, which was the lightest and most compact,

achieved essentially the same maximum C* performance as ob-

tained with any other configuration. Furthermore, increasing

the chamber pressure had the effect of only slightly reducing

the C* performance for the spherical engine. Possibly for

much higher chamber pressures the spherical engine would not

offer these performance advantages.

Lastly, at the 60 psia chamber pressure the highest C*

occurred at a mixture ratio of 1.6, while at 100 psia the

highest C* occurred at a mixture ratic of 2.0 (Figures 13 to

16). This effect can possibly also be explained by the re-

sults of the burning velocity measurements discussed above.

These results (Fig 18) indicated that when the pressure was

increased from one to 14.6 atmospheres, the mixture ratio

which gives maximun burning velocity increased from approxi-

mately 6.8 (70% F2 ) to 8.95 (64% H2 ); in addition, when the
mixture ratio was increased from 1.77 (90% H2) to 6.8, the

increase in burning velocity was greater at the higher chamber

pressures. Therefore, the difference in the mixture ratio re-

quired to give maximum C* at 60 and 100 psia ca.I possibly be

explained by this difference in increase of burning velocity

with mixture ratio. It must be noted that for all chamber

pressures the advantage of the increase in burning velocity

at increased mixture ratios is countered by the disadvantage

at those higher mixture ratios that the combustion efficiency

decreases due to less efficient mixing of the additional oxygen.
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Therefore, for a given chamber pressure and engine configura-

tion, an optimum mixture ratio exists--below which the propel-

larts require additional stay time due to the decrease in

burning velocity, arld above which the additional oxygen flow

does not mix well with the hydrogen. When the mixture ratio

is changed from 1.6 to 2.0 at 60 psia the effect of the in-

crease in burning velocity is not as great as the effect at

100 psia (Fig 18). Therefore, it can be expected that the

optimum mixture ratio will increase with increasing chamber

pressure.

Thrust Coefficient

Theogy. The theoretical thrust coefficient was calcu-

lated using the following assumptions: frozen equilibrium,

ambient pressure of 14.5 psia, expansion area ratio of 1.3707,

and a fifteen degree nozzle cone divergence half angle. The

results showed that CF was strongly affected by chamber pres-

sure and only slightly dependent on mixture ratio for the

range of one to thrte.

In fact, the plot of CF versus PC for a mixture ratio of

1.5 (Fig 19) gves the value of CF to within 1 0.0020 for all

other mixture ratios from one %,o three. That is, at r = 1.0

the CF values are approximately 0.002J higher than those for

r = 1.5, while at r = 3.0 the CF values are approximately

0.0020 lower than those for r = 1.5 (all at the same pressure).

It was also fourd that as chamber pressure increased, its

effect on GF decreased due to the highly underexpanded flow.
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Eperimcntal Results. The most meaningful way to present

the exrerilmental results ('ig 20) was in terms of the thrust

coefficient quality factor, CFx/CFT, thereby combinint both

the effects of mixture ratio and chamber pressure into one

term. In order to accomplish this, some interpolation between

the computed theoretical CF values was necessary.

The values found for thrust coef-Oicient quality factor

varied from 0.93 to 1.016, but the variation for any particu-

lar engine configuration vas much less. For the engines with

L* of 44, 60, and 92 inches, the quality factor variation from

maximum to minimwui value was only 0.014, 0.017, and 0.015 re-

spectively. Considering the errors in interpolating for the

CFT values, this variation seems reasonable for experimental

work,

The L*76 engine was the only engine that appeared to

show a dependence of quality factor on chamber pressure. The

avera-e value for the 60 psia runs was 0.9S7 while for the

100 psia rums it was 0.970. No engine configuration tested

showed any dependence of quality factnr on mixture ratio.

However, there appeared to be a dependence of thrust coeffic-

ient on engine configuration. The average values of thrust

coefficient quality factors were as follows: 1.007 for the

L*60 engine, 1.001 for the L*44 engine, 0.979 for the L*76

engine, and 0.95S for the L*92 engine.

The L*uO engine gave quality factors from 0.999 to 1.016.
Although this means that CFT was lower than Cy1 , CFT is for

frozen flow and also for a fifteen degree exhaust cone half
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angle, while the actual nozzle has a twelve degree half angle

arc. Correcting CFT to a twelve degree half angle cone would

reduce all quality factors by approximately o.o6.

Thrust kisalignment. A slight misalignment of thrust

stand components was found. This caused a variation of thrust

coefficient quality factor with L* and was probably another

reason why some quality factors were above one. This misalign-

ment occurred because the engine support bars had to be slanted

at different angles for various chamber extensions. This re-

sulted in a change in engine height (the largest cherige was

0.2 inches and occurred between the L*60 and L*92 configura-

tions). Thus there was a difference between the moment arm

for the engine thrust and that for the calibration cable.

Since the calibration procedure assumed they were the same, an

error resulted. By correcting for this error, the quality

factors for L*60 would be reduced approximately three per cent

and all the engine average quality factors would be between

approximately 0.97 and 0.95.

Engine Mdifications

O Iniector. The oxygen injector used in this study

gave the best performance yet achieved with a reverse-flow

engine. Combustion efficiencies up, to 97.4% were obtained.

In addition, even when the mixture ratio reached the extreme

values. of 0.94 (Run 1.7) and 3.5 (Run 119). no injector face

burning or discoloratln occurred.

Hydrogen InJectol. While the Phase I ttst runs could not

be used for quanitative comparison, they nonetheless did
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indicate performance trends. Thus, from these results it

appeared that the hydrogen injector which was chosen for use

in Phase II of this study gave no increase in performance

over the injector used by Cunningham. In fact, increasing

the injector hole diameter from 0.041 to 0.0645 inches resulted

in overheating of the chamber wall next to the hydrogen in-

jector. Forty triangular areas of discoloration about inch

long occurred on the chamber wall between the forty incoming

streams of hydrogen. Although this overheating did not cause

any visible damage, it can be concluded that t_ hydrogen in-

jector area should have been increaed by using mnore injection

holes rather than enlarging their diameters.

EXhaust Nozzle. The insulating coating applied to the

nozzle proved satisfactory sirne there was no burning of the

converging nozzle lip. Further, the heat flux to the nozzle

was reduced which result.d in less heat being picked up by

the incoming hydrogen.

After apuroximately forty test runs, the coating started

to deteriorate. Even so, after onr htnLidred nineteen test runs,

sufficient coating still remained to protect the nozzle from

burning at a mixture ratio of approximately 3.q. The deter-

ioration of the nozzle coating could have been partially due

to the sequencing of the. test runs. After approximately the

first forty runs, the usual procedure was to run the highest

temperature run of the day first. In this way the entwine was

cool and would be less likely damnaged than if the initial

engine temperature were several hundred dogrees. The
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disadvantage of this method was the subjection of the coating

to an adverse thermal shock.

EngineDamage

Two incidents of engine damage occurred during this

study. After run 16, small cracks were found in the forward

hemisphere inner wall. They exuended from an old thermo-

couple hole which had been filled. An inspection after run

number 24 revealed that the cracks had progressed approxi-

mately J inch further. However, since the cracks were only

approximately 1/16 of an inch deep, they were successfully

repaired by being stop drilled and filled with silver solder.

The cracks were probably caused by thermal stresses (Appendix

Aj.

Toward the end of the testing, it became apparent that

the nozzle was "necking down". This resulted in the hydrogen

injector fitting loosely between the baffle and the nozzle,

and allowed hydrogen to leak out from between the injector

and the nozzle. This was confixusec by an increase in the

hydrogen flow for a given feedline pressure. During run,: 114

to 119 the hydrogen flow increased continually during the runs

rather than stabilizing. Inspection of the engine revealed

extensive discoloration of both the baffle and that portion

of the exhaust nozzle Immediately opposite the baffle. The

brass baffle was blackened, while the stainless steel nozzle

had a brilliant blue-green area. Although the baffle was

still useable, any furthtr runs would have to be made with a

new exhaust nozzle.
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Cool inf Effectiveness

Transient Temperatures. Since the chamber wall temnera-

tures determined at three seconds were transient values, only

the following general comments can be made:

1. As the nozzle insulating coating deteriorated, the

chamber inner wall temperatures increased.

2. The chamber inner wall temperatures after three

seconds of run were essentially independent of the chamber

pressure for the range from 60 to 100 psia.

3. The forward hemisphere was hotter than the extension,3

or the aft hemisphere, and a typical value was 400 F when the

nozzle coating was new and 650 F when the coating was deter-

iorated.

4. The aft hemisphere was the coolest with typical

temperatures from 350 to 450 F, depnuding on the amount of

nozzle coating remaining.

5. The largest engine (L*92) was noticeably cooler at

three seconds than the other engine sizes tested. ,,lith little

nozzle coating left, the forward hemisphere temperature of

this engine was 70 to 100 F lower than that of the other

engine sizes.

Steady Temperatures. Eight runs were made in which the

recorded wall temperatures reached stable values. ie to the

inability to maintain a large hydrogen flow for longer than

about eight seconds, only limited success was achieved in

getting a long stable run at 100 psia. Of the equilibrium

temperature runs made, runs 11 and 84 were selected as
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representative of the effects of chamber pressure and nozzle

coating on cooling effectiveness--since they gave the minimum

and maxirnrm measured values of heat flux respectively. Run

11 was at 60 psia when the coating was new, while run 54 was

at 100 psia when the coating was deteriorated. A plot of

inner wall temperatures vs time for these runs is given in

Figrure 21.

The following coments can be made about the eight tem-

perature stabilization runs made:

1. An increase in chamber pressure has an adverse effect

on film cooling effectiveness. In one case, with all other

factozs (including coating condition) the same, an increase

of Pc from 60 to 90 psia resulted in an increase in maximum

engine temperature from 5S0 F to 670 F. In another case,

again with all factors equal, an increase from 6o to 100 psia

resulted in an increase in maximum temperature from 710 to

840 F.

2. The amount of nozzle insulation, provided by the

coating, has a strong effect on equilibrium temperatures. At

100 psia, with other factors constant, the maximum temperature

for a run where tl-e coating was very thin was 840 F; while the

coating was new a similar run had a 700 F maximum temperature.

3. The heat flux determined for the aft hemisphere was

relatively independent of The chamber pressure and stayed

within the range of 0.11 to 0.12 DTU/sec in2 .

4. The highest chamber wall heat flux for n ru was

always in the forward bewisphere. This heat flux was affected
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by the chamber pressure and nozzle coating and varied from

0.11 to 0.33 BTU/sec in2 (Runs 11 and 84 respectively).

Mass Flows

In order to accomplish the test program objectives with

a minimum amount of testing, it was important to be able tu

obtain the desired mass flows for each run. The main para-

meters which affected the flow rate were the feedline pres-

sures, venturi differential pressures, and propellant tempera-

tures.

A linear relationship existed betwecn the propellant

feedline pressure and the venturi differential pressure. This

relationship was plotted in the form of inches deflection of

recorder output for both the hydrogen and the oxygen flows

(Figures 22 and 23 respectively). Thus, in order to determine

the differential pressures and the feedline gauge pressures,

these deflections could be multiplied by their constant scale

factors. Further, by using equations (8) and (9) and correct-

ing to a reference temperature of 560 R, a mass flow was com-

puted for each value of feedline pressure. The two plots of

these values were also linear and were used in all pre-run

calculations to determine the settings of hydrogen and oxygen

control pressures which would give desired mass flows,

However, difficulties were encountered in achieving the

desired flow rates. The main difficulty was that the feedline

pressure was always lower than the control pressure set in at

the control console. Although most of this difference ws

due to control pressure gauge error, which was constant and
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predictable, some of the difference could not be predicted

and seemed to be random. For the oxygen system, this differ-

ence was above average when the oxygen supply pressure was

high. The difficulty in predicting the hydrogen flow was due

to the loosening of the injector. As the tosting progressed,

there was a trend toward higher mass flow for the same control

pressure (Fig 21).

The prediction of the propellant feedline temperatures

also presented problems which affected the ability to achieve

the desired mass flows. The hydrogen temperature was usually

close to the ambient temperature. The oxygen temperature,

however, was not easily predicted. It was always lower than

ambient and was much lower when the oxygen supply pressure was

high.
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VII. Conclusions

1. The same maximum value of C* (7960 fps) and combus-

tion efficiency (97%) were obtained for both 60 and 100 psia

chamber pressures. Therefore, although these maximums occurred

at different mixture ratios and for different engine configura-

tions, it appears that maximum C* was essentially independent

of chamber pressure--as predicted by theory.

2. The optimum 0* occurred at higher mixture ratios for

higher chamber pressures. With the injector used in this

study, maximum C* at a chamber pressure of 60 psia occurred

at a mixture ratio of 1.6, while at 100 psia it occurred at

2.0.

.. The spherical combustion chamber, which was the small-

est, achieved essentially the same maximum C* performance as

obtained with any of the longer configurations. Further, the

spherical chamber gave better performance than two of the

engtnes with larger chamber volume. This advantage decreased

with increasing chamber pressure, but was still present at

100 psia. Therefore, it appears that the best combustion

chamber shape was spherical.

4. To obtain a certain level of combustion efficiency

in tho nearly cylindrically shaped combustion chambers, L*76

and L*92, a larger chamber volume was required at 6o psia

than at 100 psia.

5. The heat flux and wall temperatures increased as the

chamber pressure was increased.
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6. For a chamber pressure of 100 psia, the equilibrium

wall temperatures were never greater than 900 F; therefore,

the engine should be capable of continuous operation at 100

psia.

7. The iasulating coating applied to the exhaust nozzle

was very effective in reducing the heat flux through the

nozzle. This kept the hydrogen injection temperature low and

resulted in less heat flux to the engine walls and lower wall

temperatures. The coating was also effective in protecting

the convergent section of the nozzle from the erosion burning

that had occurred in previous studies.

8. The modified showerhead oxygen injector used in this

study gave better performance than the showerhead, impinging

streami, and swirl type injectors used previously.
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VIII. Recommendat ions

In the event that further studies are undertaken with

this type of rocket engine, the following recommendations are

made:

Y.. A smaller nozzle throat area should be used if

further studies are to be made with the same propellant supply

system and at chamber pressures above 100 psia. This would

allow higher levels of stable hydrogen flow and higher obtain-

able chamber pressures. Further, the lower flow rates neces-

sary to achieve a certain chamber pressure would enable more

testing time before depleting the propellant supply. In addi-

tion, a smaller spherical engine should be used so as to keep

L* near 40 inches.

2. It is possible that higher combustion efficiency or

lower optimum L* could be achieved by using an oxygen injec-

tion velocity less than sonic. This should increase the stay

time of the oxygen and allow more time for it to mix with the

hydrogen.

3. The exhaust nozzle and ydrogeu injector should be

made of one piece and should ve made of the same material as

the baffle. This should eliminate the problem of the nozzle

necking down and allowing hydrogen to flow between the injector

and the nozzle. Further, for test purposes, if the nozzle and

injector were made of iron, they would have a higher thermal

conductivity than the stainless steel nnw used. This would

reduce the temperature of the nozzle convergent section.
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4. Since the thick stainless steel walls caused such

high thermal stresses (Appendix A), it may be better to use

either thinner chamber walls or a metal with a higher thermal

conductivity.
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Appendix A

dombustion Chamber Stress Calculations

A basic en'.ine consisting of tw:,o hemispheres and two

chamber extensions was availal-le at the beginning of this

study'. These sections were all inch thick and made of AISI

type 304 stainless steel. Although intuitively the inch

walls seemed quite adequate to withstand the maximum antici-

pated chamber pressure of roughly -00 psia, it was decided tc

verify this analytically.

Determination of the stress due to chamber nressure was

-reatly simplified by using the stress equation for a thin-

;,alled -ressure vessel. Haven (Ref 24:51) stated that this

equation results in an error of 6/10 of one per cent if the

wall thickne:is is not more than ten per cent of the internal

radius; and not more than two per cent when the internal pres-

sure does not exceed !/-) of the allowable fiber stress. Since

this en-inie wall tficlrness was 12.5,' of the internal radius

and the ::a'' wi internal ,ressure was -00 psia, the equation

Was sUfficieltly accLtrate. Therefore, for the nore critical

case ol" the cylindrical portion of the chmnber, the tensile

strenuyti reluired of the walls wza; calculated to be

= P"'/2 (Ref 25:156) (11)

= (0Uo)(4)/(2)j/z1) = 2400 "si

Therial stresses were also present. This was due to the

high te:ierature dro, across the engine walls caused by the

low ther. ial conductivity of stainless steel. An approximation
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of the value of this stress was made from the case of steady

heat flow through a long, thin-walled cylinder. The largest

stress occurred at the inner and outer surfaces and was calcu-

lated from

C- = oE AT/2(1-Y) (Ref 26:414) (12)

where, at 1000 F inner wall temperature:

o( = 10.02 x 10-6 in/in F (Ref 20:99)

E = 22.2 x 106 psi (Ref 20:98)

Y= 0.305 (Ref 27:5-6)

hence a- = 160 AT (13)

From similar calculations, the thermal stress for a 1400 F

inner wall temperature was found to be 140 (A T). Temperature

measurements indicated that if the inner wall temperature

reached 1000 F, a 300 degree temperature drop across the wall

could be expected. This would give a thermal stress approach-

ing 48,000 psi.

From these calculations it was concluded that thermal

stresses are of far more importance than the stresses r ko

chamber pressure. Therefore, the safe limit of engine opera-

tion was determined by the wall temperatures rather than

chamber pressure. Further, it was assumed that if the forward

hemisphere inner wall reached 1000 F, then the thermal stress

would exceed the yield strength of 17,000 psi, but not the

ultimate tensile strength of 65,000 psi (Ref 20:98).
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Appendix B

Combustion Chamber Seals and Bolts

Since a pressure check of the assembled engine revealed

significant leakage from between the hemispheres and chamber

extensions, it was necessary to modify the engine seals. The

previously used flat copper seals had a surface area of approx-

imately 9.6 in2 . Since each joint is held together with

twelve 1-inch bolts, and the recommended seating stress for a

1/8-inch thick copper seal is 36,000 psia (Ref 28:107), it

became obvious that the surface area was too large to allow

proper seating.

Although a plain corrugated metal gasket was well suited

for this application (Ref 28:105), it was decided to continue

using flat copper seals due to their immediate availability.

It should be noted that if flat copper seals had continued to

be unsuccessful, aluminum seals might have been used since

they have a higher temperature limit and a lower recommended

seating stress (R~ef 2S:107).

By reducing the area of the copper seal to 1.1 in2 a

successful seal was obtained (Fig 3). A pressure check to

450 psig revealed no leakage with the exception of a slight

leakage around the engine thermocouples. Attempts to stop

these leaks were tiot successful, but the amount of leakage was

small and was considered tolerable.

In order to insure proper seating of the engine seals;

high temperature, high strength bolts were obtained. Further,
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the bolts used previously had become severely corroded and

were difficult to install. The new bolts conformed to AM.S

5735 and were designed for use when high strength at tempera-

tures as high as 1300 F is required arad oxidation resistance

up to 1500 F is desired. They can also sustain 65,000 psi at

1200 F for 23 hours.
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IrhIector Hole Design

The mass flow through an orifice with critical flow

pressure at the throat can be foumd from

CdAPs ( kl (Ref 27:4-61) (14)
LdAPspRTs k+1 ) I

where /s is the gas law deviation factor (Ref 29:56). Since

Cd should be between 0.95 and 0.99 for a fairly long circular

tube (Ref 30:129) and l(s would be slightly greater than 1

(Ilef 29 56), both of 4hese parameters can be approximated to

be unity. This makes the value to be calculated for the area

slightly smaller than the maximum injection area that would

allow choked flow; therefore, the injection velocity would

still be sonic. With these simplifications, the equation can

be rearranged t3 give an expression for the injection area re-

quired for sonic injection.

A -( /Vqg) gkRT) (Ref 20:50) (15)

+1
k k-lk +1'l 1

Using. the above equation, the following steps are taken

to calculate the tnjection area of each injector:

I. Assume a valuc of propellant inlet temperature, Ts.

This ictcrmines tht value of k.
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2. Estimate the value of C* that can be expected for the

critical run condition. It can be shown (Ref 14:31, 32) that

if the flow is choked for the rtrn condition that requires the

lowest mass flow then the flow will be choked for all higher

mass flowvs at the same mixture ratio. Thexefore, the run con-

dition used for the oxygen design was 60 psia at a mixture

ratio of one, and for hydrogen it was 6o psia at a mixture

ratio of three.

3. Calculate the mass flow at the critical run condition.

4. Calculate the minimumn Naue of Ps that will give

choked flow for the critical rviu condition from

Pc
rS - (Ref 31:84C (16)

(-'. k/(k-1

For a ch=Untcr pressure of 60 rsia and a k of 1.4:

P - (60)/(0,.5283) = 114 psi

7,. Calculate injection area, A.

U. Determine the number of in.1ction hoies and their

(I i i.' t C r .

Q _Dc I II ct

1. Since the oxygen fecdlines and manifold are relatively

cool durin,, en-ine operation, assume T. = 500 I. Therefore,

kz 1.397 (Of 3-2:107).

". For Pc - uO psia and r = 1.0, estimate CO to be 7730

fps (Ref 14.).
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3. mp = (Atg)Pc/C* (1)

= (25.63)(60)/(7730) = 0.194 lbm/sec

0 = p/(ll/r) (17)

= (0.194)/(2) = 0.097 Ibm/sec

4. Since k is approximately 1.4, use Ps = 114 psia.

5. (i 0/Psg)(gkRT 0 )i 
(18)

k K-1

0.097/(114)(32.2)(1041"8) = 0.034 in2

0.8102

6. Use the same small hole diameter as used in Cunning-

ham's showerhead injector, 0.036 inches. Therefore:

Number of oxygen injection holes = 4k0 /r D 2 (19)

= 4(0.034)/-r (0.036)2

= 33

The final design was selected to have thirty-two holes of

0.036 inch diameter.

1. incc the hlydrogen is heated by the exhaust nozzle

before injection, estimate the inlet temnerature to be 240 F.

Therefore, k z 1.399 (lief 32:122).
2. For PC 60 psia and r = 3.0, estimate C* to be 7400

fps (Ref 14).
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3. = (Atg)pc/C* (1)

= (25.63)(60)/(7400) = 0.206 1um/sec

BH= 6/(l+r) (20)

= (C.206)/(4) = 0.051 lbm/sec

4. Since k is approximately 1.4, use P. = 114 psia.

5. (mE/Psg)(gkRTH)i (21)

= 0.051/(114)(32.2)(4915) 0.085 in2

0.8102

6. Use the same number of injection holes (forty) used

previously by Krumpe and Cunningham. Therefore:

DH = (4AH/40 -T)T (22)

= (0.085/IOTT)i = 0.052 inches

The final design was selected to have forty holes of 0.0645

inch diamieter (Fig 7). The decision to use a larger injector

hole diameter was based on the high feedline pressure required

before (Ref 14:31) to obtain a flow rate of 0.6 lbm/sec. From

theSe previous results, it was determined that unless the dia-

meter was larger than .052 inches, the required feedline pres-

sure for this study would exceed 1000 psia at the higher

chiamber pressure runs. Therefore, it was finally decided to
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use a diameter of 0.645 inches which was 0.012 inches larger

than the value calculated above. Depending on Cd, this larger

diazieter might make the injection velocity less than sonic for

the lower chamber pressure runs; however, no prublems or effect

on C* had been encomtered when this same injection area had

been used before (Ref 11).
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Run Checklist (as revised from Pef 8:44)

11. Fill ice bath--2 required

1. Green light, all clear--on

2. Check all gauges for zero pressure

3, Zero all loaders

4. N control pressure--bleed valves--closed (Turn cw)

5. Ajuber light, stand by--on

u. All other switches on console--off

7. 1,aster relay power--on (Switch located under console)
:. aster power--on (Turns on console lights, 110 VAG
circuit, and activates master power relays)

12, a. Open largae door
b. Connect engine thrust, chamber pressure, ignition

wires, and thermocouples

14. Enginc supply valves--6 closed

16. Open required number H, 0, N bottles--record

17 a . i, 0, N supply pressure gauges--xecoxd "before"
pressures

b. Record cell temperature

23. nkgine supply valves--2 open, 4 dlosed (Listen for
1 eakage)

22. Turn on intercom

9. a. Recorder--on
b. Recorder li'rlt on

13. ~. Record atmospheric pressure and terpe.ature
b. Turn or. 10 VDC, power
c. Calculate rim pressure settings
d. Center all recorder dots to line desired
c. ELlock off temperature channels not being used
f. IR.im recorder, clOeck for line static
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13. a. Align engine for no binding of H supply lines
b. Adjust spark gap of ignition wir.1;
c. Calibrate thrust

21. a. Check engine
b. Close cell door

27. DC power--on

DO TIE FOLLON.VING IN FAST SEQUENCE

31. Auto purge ready--on (Connects preset temperature
limit devices into circuit)

32. -tandard purge ready--on (Activates warning bell in
cell, initiates 60 sec thermal delay)

33. ;',Pater purge ready--on 'Energizes solenoid which
supplies 15 psig air to water valve to hold i-
closed,)

35. Critical power--on (Power to #3, 4, 5 solenoids, and
ignition ready. Therefore, 0 and H domes directly
connected to start pressure.)

37. Large water purge valve--open, turn up (Need water
purge switch on, 110 VAC power, and 15 psig air
supply to prevent cell flooding)

40. Control room lights--off (Optional)

44. N control pressure shut-off--open (CCW)

45. Zero engine rum timer

SEI-C.,IUTICAL PERIOD

34. Red lights, warning.--on

47. Check for green lights then: Set purge pressure
.iSIG (Approximately 150 psig)

4'-. Set II ran pressure PSIG

49. Set 0 run pressure PSIG

51, ii:,ing light--on

CRUICAL APERIOD

53. Recorder--on (Check 10 VDC and "dots")

55. 1! stait pressure to approximately 15 PSIG
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56. Ignition--on (Pulse self return switch for j sec
maximum)

57. Increase 0 start pressure to shift flame front into
chamnber (Usually hear "pop")

59. U-0 run pressure--on (This energizes solenoids 1
and 2 and starts run timer). Run for at least 3
Sec

60. Purge--on, 2 sec is sufficient (Releases all sole-
noids to power off)

61. Purge stop--on (Puts power to #5 solenoid, cutting
off N purge)

64. Recorder--off

63. a. H and 0 start pressure loaders--zero
b. Insure that all flow has stopped

PRIMARY SHUT DOWN

73. Red lights, warning--off

79. Record engine run time (Zero timer)

80. Record H, 0, N "after" pressures

67. N purge pressure loader--zero

69. Purge stop--off

70. Purge--off

71. H-0 run pressure switch--off (Initiates 60 sec
thermal delay)

SECONDARY SHUT DOWN (If no further runs are to be made)

76. Turn water purge valve--off, down 900

66. H and 0 run pressure--zero

27. DC power off

72. Critical power--off

77. 'Water purge ready--off (Water valve must be oLL)

74. Standard purge ready--off

75. Auto purge ready--off
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Figure 2

Lngine Assembly larts List

No, #/Assemb!y It"m DesiFne r

1 1 Forward hiemisphere l.rtov. Ref 13:106

2 1 Aft Hemisphere Krumpe Ref 13:105

3 J to 2 Chamber Extension Kineer Ref 14:11

4 1 Hlydrogen Manifold Keller Pzf l1:43

5 1 Baffle Keller Ref 13:44

6 1 Hydrogen Injector Keller Figure 7

7 1 Nozzle Keller Fef 14:14

8 1 Oxygen Injector Vaughan Figure 5

9 1 Oxygen Spacer Cunningham Ref 14:18

1u 1 Oxygen head Morton Ref 7;55

11 1 to 3 Seal, Ilemisphere Vaughan Figure 3

Part rumber Size-Thread

12 12 i3olt, Oxygen }lead MS9033-10 *190(#10)-32

13 None or 12 Bolt,, lemisphere, Short MS9034-14 ,250-28

14 None or 12 Bolt, lemisphere, Long MS9034-28 o250-28

15 12 Bolt, Ilydrogen Manifold MS9035-29 .3125-24

10 8 Bolt, Nozzle AS9033-05 .190(#'l0)-'2
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Pigun 3. Old and Nsw Dtgtu. Seais

Figure 4. Coated Exhaust Nuzzle (Convergent Sectin4n)
&- Seen from Inside of Engine
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Figure 8a,b. Assemnbled Earj~ne and Trest Stand
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F~irgure 9. Control Roomr

(.7



99

z N)

OWL

IL0

rt/

I7 0 M1



69

7

pii in

CE

C,

0+



GA/IML/64- 8

8400:.

8200-

0

-4-T

~' 8100-~
N zI4

S8000 4

... ... ~ *.4 . .l o..t,

7900" .... +

I t t

, H:
78001

1,0 1.4 1.8 2,2 2.6 3.0

Mixture Ratio, k{iAI

Figure 12

Theoretical Ck vs Mixture Ratio
for Gaseous 112-02

70



0 PC = ,50 psia

0 PC = 100 psia

8-500 Theoretical

u
4)0 1Z

N
44 8000

4J

'-A

IQ

S7500-

",4

4

*0 7000 -

-. Ref 14

1.0 1.5 2.0 2.5

Mixture Ratio, /

Fig-ure 13

"h'11 Effect of Chamber Pressure on C'
for the !.*44 Spherical) Lsvi ne

71



GA/ME/64-8

O Pc = 60 psia

0 PC = 100 psia

85001J

Theoretical C*

4.J

8000

-I Ref 14

+i 7500 -

u

-. 4

.& 7000
u

6500

1.0 1.5 2.0 2.5

Mixture Pat io, 74A

Fiiure 14

The Effect of Chamtber Pressure on t:
for te A'.*60 (One Inch i)'xtension) Engine

72



GA/M/64-8

o PC= 60 psia

0 PC = 100 pbla

8500 Theoretical C*

IGo -

0 0 ci

0

7500

* Ref 14

4J,

*~7000-

6500 _____15

Mixture Ratio,

Figure IF)

The Effect of Chmnber Pressure on C

for the 1, A 76 (Tv Incli Exten'; ', Y) e

73



GA/t-/W64-8

0 Pc = 60 psia

* PC = 13) puia

8500 Theoretical C*

N/

8000 .

7500

S7000

Ref 14

6500

1.0 1.,5 2.0 o.

Mixture Ratio, k !

Figure lo:

The. Effect of Chamter p}res!ur. on C
for the T.,*92 ('11hree Inch Fxtension) Z wine

74



GA/4E/64-8

o PC = 60 psia and r =1.6

0 PC = 100 psia and r = 2.0

S8400

800

0p

e 7600

7200

t, 800 _ _ _. . . .-- -
44 ,076 92

CMaracteristic Chaber Lengti, L* (inches)

Ftgi r 17

Maximum Charactertstic Exhaust Velocicy
vs )E.ine Gonfiguration

75



AM/6 4 - 8

5000
r~ata from

__ 765 psiaJ
4 0 0 0j

3000

v,-

U
0

215 psia

-.- 2000

1000

14.7 psi

0 .
30 50 70 90

Vohmie Percent of Rydrogen in Mixtlre

Figure 18. Burning Velocities of lHydrogeti-OvIgen

Flaiaes at Various Chamer Pressures

76



J717V.,'TPTI17V

*~ ILItr~

r4 4

.~u 0) "

'77-I

7 I.. . .

en) C

770



GAd1!Il-/64- 8

1.01 0 L 440 O0 0 0 4
0 0 0

.99-

1.02 e 6-

1.00 0

,4

.99

• ,971 L 76

L 792

50 70 90 110 130

Chamber Pressure, Pc (psia)

Figure 20

Experimental Thrust Coefficient
Quali .y Factors for Each Sngine

78



61. p~at-

m- OD

'ot it'

LO LAU8
0o M ___ _

OD

fll



CAAf/6 4 -3

6 ~ 4-:

4.- ........

-~~ ~ ~ ..... - -1

r -1'

2 .. 3... .

08



. . ... _._ _. ._ _

. . . . ... . .

. . . . .. . . ...

... .... ..

77...........T .
V)S

.p I p p r~

r1



GA/M~E/64-8

L is t .2 iIle

Table Page

I Test Data Summary for L*44 Engine . . ...... 83

II Test Data Srnmary for L*60 Engine . . . . . . . . 84

III Test Data Simmary for L*76 Engine . . . . .. . . 85

IV Test Data Sumnary for L*90 Engine ...... .. 86

82



GA/KE/64-S

Q .4 1 )0 f~i ID 4 a~ Lr 0'- W -4 Ln LO N

0,4 0, 0 C) , 4 0 , p 0 CPN c?, 04 .-% 0j

00 0 00 0 0 55 5 0

O ~0O '00 cr 00 0 0 0o 0 o' a,

.. 4 m 4 jD .tn (, N4 r- it 4o N cc

*%o FN4 or
MU~ 0 0M kn ~ O F- ?I-" F-~ 00 0

(V 0'. N N N A riN N r- N~ N N N N N4

0 0 Ne *0 m 05 0500 'o0 *.

0I NNNNNP-- OD W) M M 6f

* 00 50 40 0 - r- *0 000 04P4-

lA ~94 - -%0 -' 0; -.* P! ; ; -4;

0
U. Ia 0u e 0 %Q w (7 N O N " O m o

a 0

lotO ~ ~ O- P~ o'

000 0e e %0 06 00 P "(,O. 0

3044 O'~O O0' ..N W4 O P-4

D N- W% 0 4N AN~0' 0 N



GA/hlE/64-S

U4 f' 4 4 cc 'P m U' LA -4 rf 9' 0
o * o~.. .o a * .0 .

% I 0 C7, Z 4 LA 0 A~L L~ 'r
0 - 0O 0O 0' 0' '0 'C '0 "0

N' 'P0 4 0 - 0'D N~ 0 0r %a 0

~~~-~ -' 0000 6 -0 0

Co o 0 0 0 0 0 0 0 o 00 0 0 e
,-. .- - - -4 c.. f. q, - (-P - en -

(I) N N 'N NNNNNNNNN

- - .- -- - p-- 4- - -

P.- 0LA -4 P-0, 4

u.4- .-J N O --41. "( N NN

UN U

r- 00O - 7% - # NomCmm-.

ui- m -

48



GA//'64-8

Fr$- f%4 F- t~l f" C); 400 4 - 0

cQ~~~~r 4 4 c

%' '4N-N- C% do -l 4 Ln N - Ni w

o * * * e 0 0* 0 0 6 * 0

o 'j@ ' 0 1 *1 0' 0' l 0 P' 0' h 0 0' a, 0 0 1 0' -

* a 0 0 00 0'O' 0,0

04i

01- 0 0 - 0' '- -4 r-0~ - 4
LL~~ 0. ** 0 a a 000 0

00F le- 000 wOSG

N 4 0 n0m4 0% 0 r- --4 -4 --O

0- CON 00 S4e 4n l-w C0 m NN

9 0 34 * 0000

sot *e g oees 1000 0 *

3~ Nl (% A )% 0 0 r) 4 I- w 0

< 4 4 4 4 4 -- 4 -4 00

%0 N gP g 0 %D 3 t *
0 '0 ' 0r 0' 0 0 0 0 0

0 Q0% wN4 -N

.- ,WkfW, %0 *e.e C00 0 0 0 0 9

-4 -4 r-4 r4 -I4 P-4 -

0 t -0

I~ ~ ~ ~ ~ ~~~~~~Iy 0_______ ______ m _____ -IN_____w_______0_______ON_____



C> a, 0 w~ *' E0 0: K' 0 '0

-4 0N( 0 (P mi N~ -

Lt) W w. 00 00, *% O***c

- 0 0% 000 a, 0, 0l a ll

o co 0m -I

- ~ l- -f O~ O~ lb0- r-

Ix ILP- - V0-4 - N

*0*400 0 P006
0 4.-.

j tA

0

Ud

)-~~~ NO4NN a4 0 0 r.

41 00 a 0 -4 P-0

wd -4&" 4 4 .4

ItiO1 -
0o o o o o

1- 2 2 20- F P4 2- - - -

u.86


